-
»
- I I

TECHNICAL REPORYT 74i70

ROYAL AIRCRAFT ESTABLISHMENT

THE PASSIVE CHARACTERISTICS GOF
A REPULSION MAGNETIC BEARING

D. W. S Lodge, B.Sc.. M.Sc.

by

1976

CONTROLLER HMSO LONDON

st o i 4

‘,v ..r
o -

'y oIn

U?\;iw:‘!

.
!
i

ATED




[ FETTHTTE. ST
! St ey Y TECEED RIS 1T A SR o T s R oRkle

UDC 621-218 : 537.8

1

d

]

ROYAL AIRCRAFT ESTARLISHMENT

Technical Repor§n29l70 i %

- K

Received for printing 21 December 1976 :

THE PASSIVE CHARACTERISTICS OF A REPULSION MAGNETIC BEARING .
by

y D. W. S. Lodge, R%,Sc., M.Sc. 4

i %

1 SUMMARY 3

%; Magnetic suspension systems can meet the requirements for spacecraft g

fif momentum wheel bearings. The main aim of the worlk described in this R ‘rt was %

i{ to investigate the effects of interleaving soft iron spacer rings of v.. .ous !

fi thicknesses butween the magnetic rings of a repulsicn type magnetic bearing. ;

Et An optimum thickness of iron ring was found which produced a maximum increase é

. ; . . . . . . 5

& in radial stiffness over the stiffness obtained without iron spacers. The mag- 1

% netic inhomopeneity of the magnets was measured and found to have a smail !

£ . . . . . 1

3 effect on the radial stiffness, Theory predicts that a single repvlsion bear- ;

! ;

§~ ing will be cross-axially stable if the ratio of its length to diameter exceeds -ﬁ

é? Y3, This value was confirmed within the uncertainty of the experiment The 3

3 [

ﬁy- external magnetic fields from representative bearing assemblies were . Lured. _. 1
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1 INTRODUCTION

Since the earliest days of space exploration, attitude coenticl has often
been achieved through the gyvroscoplc properties of a rotati.g rass. The most
common technique Las involved rotation of the complete spacecraft. In recent
vears, there has been ar increasing requirement for parts of spacecraft to
remain :ixed relative ta some defined direction. An example is the need for
coumunications aerials to remain pointing at the Earth., This has led to
rechanically despun Coﬁbonents of a body otherwise rotationally stabilised. It
is a logical development of such a system tc remove the angular momentum storage
from the main spacecraft body to a high speed, low mass wheel. The design of
such a wheel posex several problems, particularly as the most likely applica-
tions require lifetimes of the order of tem yeirs. Conventional ball and grease
bearings both involve contact between the parts in relative motion; hence wear
takes place. Furthermire there are difficulties in maintaining a lubricating
film in a vacuum and while weightless. Such problems, and the related problems
of gas bearings, may not be insoluble, but their nature is such that bearings
designed by these principles cannot be shown to have the lifetines needed

without ground testing lasting at least as long as those proposed lives.

An ideal suspension system for a spacecraft momentum wheel needs to be
non-contacting, have a predictable likelihood uvf failure and have the porential
for reducing the risk of failure by including redundancy into the design.

Thess requirements, and others normal to spacecraft such as ismmunity from radia-
tion, thermal acceptability to and compatibility with existing spacecraft

systems, can be met by a magnetic suspension system.

Magnetic suspension systems can take many forms and use several different
principles. The magnetic forces used may be produced by electromagnets or
permanent magnets or both. The suspension may be achieved throus!, ithe attrac—
tion of unlike poles, or the repulsion of like poles. Devices using diamagnetic
or superconducting materials are as yet impractical in this application. All
other devices are constrained by Earnshaw's Theoreml, which in this context
denies the existence of a stable equilibrium position for a wheel supported by
a time invariant magnetic field. In oth¢. words, at least one degree of
translational freedom needs to be actively servo controlled electromagnetically.
With one rotational degree of freedom controlled by a motor this leaves the
remaining four degrees of freedom to be passively controlled by permanent

magnets.
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This Report does not seek to compare or evaluate relative merits or draw-
ha. ks between alternative systems. As vet there is no design which even in
srinciple otters a clear wdvantage over its rivals. Mainly passive systems,
thal is thuse with maximum contrel by permanent magnasts, can use the attraction
o1 repulsion principle. Theoretically neither type has any advantage over the
~ther, although in the future there may be pract.cal reasons for & preference.
Mainiy or wholly active systems, which are those using servo control in more
{har one axis, have advantages and disadvantages which can only be cvaluated in
tne light of a specific applicatior. But in all cases, mechanical contact and
therefore wear is removed and the reliabkility of the suspension is very nearly
the reliability of the control electronics, which can be confidently predicted.

Furthermore, guplication of electronics can provide redundancy, hence increasing

the reliability of the system.

Mainly passive magnetic suspensions, in particular these using the repul-
siv1 principle, have only become tfeasible with the advent of commercially
avatlable saomarium cobalt magnets. Samarium cobaltz. SmCo_, is one of a family
0! rare carth permanent magnet compounds and of fers previoﬁsly unavailable
performance. its advantages over existing permanent magnets are: a very high
energy product of about l20kJ/m3; a very high intrinsic coercivity of 1200kA/m
and an intrinsic demagnetizing curve which is almost rectangular; a recoil
permeability of nearly unity, even when the flux density is reversed by a
demagnetizing field. These properties permit magnets to be operated over a wide
dvnamic range about the maximum energy product peint and to be used in repulsion

contigurations which would demagnetise other materials.

A mainly passive suspension svstem consists of two major parts. First,
there are the permanent magnetic bearing elements. Secondly, there is the axial
position contrvller, consisting of force coil, sensors and servo control loop.
This Report describes an investigation into the passive, permanent magnet
aspects of a particular design of repulsion bearing. Brieflv, such a bearing,
shown diagrammatically in Fig.l, consists of an outer shell of permanent magnet
rings, magnetized axially, with the rings stacked with like poles adjacent and
a coaxial inner shell of magnet rings of the same thickness and stacked in
exact correspondence with the outers. This is not a new design3, but until the
advent of samarium cobal: as previously described, it could only be realised by
using anisotropic ferrite magnets which have a maximum energy product of about

- 3 . . . .
25kJ/m”. Samarium cobalt magnets produce about five times more force than
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ferrites from a given volume of material. It is easy to see that a radial dis- 3
placvment of the inner relative to the ovter leads to a positive restoring force ;
to the centre, but an axial displacement prcduces a negative, destabilizing i
force tending to increase the displacement. In other words, the two radial 7
degrees of freedom are passiveiy controlled, but the axial direction requires
active control. Routation about the bearing axis is accomplished without any :

losses as the bearing is radially symmetrical. It is less immediately obvious ;

. . 4 . .
but was predicted from dynamic analysxs‘ by Plimmer that the two rotational 3

T T

degrees of freedom about the radial axes are passively controlled if the bearing

has a length to diameter ratio greater than a certain critical value.

The major aim of this work has bezen to experiment with soft iron spacers
in between the magnet rings described above to discover if thereby the perform-

ance of bearings designed to this principle can be improved and to arrive at i

design criteria which point to an optimized bearing. How, and why, this was

achieved is described later. A simultaneous effort was made, but with lower
priority, to confirm the liwiting ratio of length to diameter needed for cross-
axis stability. Finally, the external field from a representative bearing

- assembly has been assessed. Some related work has been carried out within the

=i RAE on force coil and amplifier systemss, that is the second part of a magnetic E

. suspension system as described above.

et o Ml s ke s

; 2 BEARING STIFFNESS MEASUREMENTS

2.1 Required measurerents

ey e

The stiffness .~ an actively controlled axis can be adjusted freely within

the constraints of :.:: p .. available within the control loop. However, for a

given design, onl, -:: @ '‘mited adjustment of the stiffnesses of passively con-

trolled axes is , ~ .e. Therefore it is essential that passive axis stiff-
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nesses can ke accurately predicted. Backers' theory3, based on an approximate

two-dimensional analysis predicts that:

. 0.6552rM2

S, = S (1)
R ZuOC
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where S = radial stiffness
2 = bearing length

bearing mean radius

~
[}

intensity of magnetization
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primary magnetic constant £

C = clearance between inner and outer

T e

it
~
0




provided that é

,-
4
vt
o~
L 251
[

where a = the ring thickness.
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This analysis also assumes that

ki ot

&

where H = magnetizing force.

Lok

This relation is very nearly true for samarium cobalt for H less that the

intrinsic coercivity since as mentioned before, this material has an almost
rectangular intrinsic demagnetizing curve. But samarium cobalt is fairly

expensive, difficult to machine and fragile. The intention for these tests vas

ot ilabdad

to use a samarium cobalt powder impregnated resin with the commercial name HERA.
This material, it was believed, offered the same properties as samarium cobalt,
albeit with a maximum energy product of SSkJ/n3 and a slightly reduced ]
coercivity. Nevertheless, the essential principle of the intensity of magnet-

ization being invariant with magnetizing force was expected to remain. The

great advantages of HERA were that it was cheap, costing only a few pence per

gramme, very easy to machine, readily available and relatively robust. The first

' task was to measure the stiffness of a HERA bearing to confirm that its magnetic

properties conformed with the theory. Once this was done, the rcal work was

begun.

-3 The main points of the w-rk programme were as follows:

YN R PR W TSP T ST NI P

First, to measure the relationship between the positive radial stiffness
and the negative axial stiffness. As a consequence of Earnshaw's Theorem it

was expected that for this type of radiaily passive bearing, using material

Rt o o

whose intensity of magnetization would remain constant over all operating con-

ditions, the axial stiffness SA should be equal to -2SR. Confirmation of

this relationship would then support the assumption that the intensity of mag- ]

netization was invariant. ;

é

§

Secondly, to measure the variation of axial and radial stiffness when the

inner and outer magnets were relatively displaced radially and axially. The

il v
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theoretical predictions for stiffness assume that the bearing s in the

symmetcical state showm in Fbig.). In oprrational practice the i1nner and outer
aagnets will at times be relatively offset as ioads are applied to the beasriag.
It was necessary 2o mrasute how the stiffness characteristics were degrades by

~ffaets so that J4'V:wable excursions could be established for practical

bearings.

Thirdly, to messure the axial and radial stiffnesses with soft ivon
spacers incorporatcd betweern the magnet rings. As the satuiation megnelizali n
of iron was higher than ihe intensity of magnetization ~f the magnets it was
expected that increased vadial stiffness could be obtained. Howewwr, in the
iron it was not clear how the magnetization would be affecied by relative mve~
ment between the iluner and outer bearing magnets. Therefore a series of
wrasurements was proposcd using different spacer thicknesses in an attewpt °o

establish a trend.

Fourthly, to mrasure the inhomogeneity of the magnetization o1 the magnet
rings and relate this if possible o any change in radial stiifness as the inner
mignets wore rotated ahbout the bearing «xis. If the magnet rings wers net uni-
formly magnetized there may Se¢ a tendency for the bearing to have a prefurred
alignment which during rotation could produce ur-anted oscillations or coning.
Further, it was proposed to attempt to assess the influence of the soft iron

spacers on these eifects.

2.2 Yest rig and bearings

The bearing test rig was designed to accommodate six pzirs of magnet
rings, inners and outers, in a repulsion bearing configuration. Spacers oi up
to the individual ring thickness csuld be interleaved between the magnevs. The
outer magnets were held in a housing constrained bv screw jacks such that they
could be moved relative to the inners axially and radially. The screw jacks
were calibrated 3o that the displacement rould be measured. The inner magnets
were held on a shaft. The s.aft was free to slide and swivel at one end in a
universal joint. The other end was fixed to a rigidly mounted torce transducer
weasuring the axial force on the shaft. A second force transducer mounted at
right angles to the shaft measured the radial force vn it. Simultaneous
measurement of the axial and radial forces was possible because the transducers
used alloved lesc than 0.04mm movement along their line of action while allowing
free movement, over a limited range but one much greater than 0.04mm, ii. a plane

normal to their line of action.
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Three dittere: ? pedring sizos were used, t(wo usxing HERA rings and one

ustng samarivm cobalt rings.  The stzes are shown on Table 1. The test rig

rmelpotated slseves aned bushes o the toaer shart and outer housing to accept
th: ditrerent sised. AT T fesfa sapng HERA Aagnels tsed SIX pairs ol rings.,

Tow 11747 Twd? UsINE SAEMTLUTT - whal’ miknets without spaters used five outerls

and thetery annere. Sgbasguanil. Lo L tel DARIMD was Lroken sc tor all the rest

ot these lesi~ Il -rplel~ 4l 1500 iftaeias> wela used.

..} Variation o stitloessos with Jdisplacemnt

St AXLa] sTItioess VETIal.on with oradial oftset

This Test was carriesd cut usitg "he <@ thick HERA r.ngs included in
Tadle ! witheur anv spacers. The variation of the axial force on the inney
snaft wis measured as the curer magners and housing were displaced axialiy
cither stde 01 e Central posiiiosn. ol Boedsuletwnt was repeated with the
cuter Bagnets dispiaced radiaiic ho e oand U997 with respedt 1o the inners.
The resulls are shown 1a Yig. . T lestabilizing axial stiffness increased

from S, eN/mm with ne radia: ospla ement to . N, with 0.5mm radial oifZaet

—t

and T % . 9N mEm oAl DL YmER Fadia. o tsel. “Is i5 consistent with the increase

in stiffness being proporiiconal to the sguare of the offset. Fig.) shows the
vartation ot radial for « with axia: Jdisplacement for Jlifterent radiul offsets.
The asvemetry o the curves shown 1n Fig.3 1s interpreted as being due to the
croas-aris instahilicy ot such a shor! hearing,

P - : L s - - .t R | -£&
‘b Radtal sliffiies . vatitalion with aniai offaetl

Twes tests were carri-d cur. The tirst, asing st thick HERA rings was to
measure the variation in the ralial rorce on the shaft with radial displacement
ter relative axial offsets belween innec and outer magnets of 0, 0.2)mm and
0.42mm. The results are showa in Fig.4. The positive vadial stiffness reduced
from C53.1%/mm with ao axial duspldacemsnt to 23.4N/mm with O0.20rm axial offset
and to  JL.IN,rmowith OLalmem axial offset. This suggests that for small offsets
the change in radial stiftness 1s linear with axial offset. Fig.5 shows the
vartation of axial forve with rad.a: Jdispiacement for different axial offsets
As with "he corresponding radial force measurement, the effect of the cross—axis
instabiiity is apparent in the displacement of the axial force minimum from the

zero position.

The sevond test used l.omm thick HERA rings to ascertain whether the

effect of axial displacement on the radial stiffness was affected by the

inclusion of soft iron spacers. The results are shown in Fig.h. Without spacers,

w———m e~ m - -
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the measured radial stiffnesses were 17,0 /um with no axial offset and 13.5N/mm
with an axial ot .ct f 0.2imm. For the sar: axial offsets the radial stiff-
nesses were Jl.I1%/mm and 15.6N/ma when C.076um thick soft iron spacers were
interpesed between adjac-nt magnet rings. The selection of this particular
spacer thickness will be justified later. The stiffness was redured by the

same proportion in both rases.

2.4 Variation of stiffnesses with spacer thickness

This test was carried out using all three diffcrent magnet ring sizes.
Each part of the test was to measure the axial force variation with axial dis-
placement about the zero position and the radial force variation likewise with
radial displacement with soft iron spacers of a particular thickness interposed
between the magnet rings. The spacer thicknesses used and the results obtained
with eacu type of magnet ring are given on Figs.7 tc 16. The distinction
between the thick and thin spacers referred to in the titles to those figures
is relative and designed to avoid the attempted presentation of too much infor-
mation on one figure. In fact 'thick' spacers had a thickness equal to or
greater than one tenth of the thickness of the magnet rings with which they
were used. 'Thin' spacers were those less than one tenth of the magnet thick-
ness., In general the spacers were the same Jiameters as the magnets with which
they were used. The exceptions were the thin spicers used with the 4mm thick
HERA magrets, which for convenience had the same diameters as the l.5mm thick

HERA magnets.

The results are summarized for the 4mm thick HERA, !.5mm thick HERA and
samarium cobalt rings in Tables 2, 3 and 4 respectively. The most interesting
feature is that the radial stiffness with spacers about 0.lmm thick was
greater than that vith nc spacers. Fig.17 shous how the radial stiffness varied
with spacer thickness for each of the three ring types. The optimum spacer
thickness for maximuvm radial stiffness was slightly greater using samarium
cobalt magnets than using HERA ones. The ratio of axial to radial stiffness
was very close to 2:1 for spacer thicknesses less than the optimum. These
ohservations indicated that the increase in stiffness was due .~ the flux
density in the iron exceeding that in the magnets. The optimum thickness
occurred when all the iron was just saturated all the time. Then the criterion
that dM/dH = 0 in the magnetic material was satisiied again and the stiffness
ratic tended to 2:1. Reducing the thickness further reduced the volume of
magnetic material without increasing *he flux density as the iron was saturated

and so the radial stiffness decreased linearly with spacer thickness to the
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no spacer value, while the 2:! ratiov was maintained. The optimum thickiess
using samarium cobalt maguets was greater because the intrinsic magnetization
of that material, 0.75T was greater than that of HERA, 0.55T. There was no
measurable difference between the optimum thickness using 4ma and |.5mm, as
would be expected from the above qualitative analysis since the intrinsic
magnetization is a function of the material, not its dimensions. Using
equation (1) the stiffnesses of bearings made up from a permanent magnet part
and a saturated iron part with a saturation flux density in the iron of 1.8T
have been calculated and are compared with the measured values in Tables 5, 6

and 7. They show that good corrclation was obtained.

Figs.8 and 12 show that nczr the maximum possible radial displacements,
the radial stiffness was not constant when thick iron rings were incorporated
between the magnets. A qualitative explanation for this effect is that because
of the highly demagnetizing tficlds existing under those conditions the wagnetic
flux was short circuited by the unsaturated iron. There was no evidence for a
similar effect using the thin iron spacers, which suggests further confirmation

that in those circumstances, they were always saturated,

2.5 Variation of stiffnesses with iron sleeviq&

Figs.18 and 19 show the results after fitting an iron sleeve 5mm thick
over the outer 4mm thick HERA magnets. The purpcose was to assess the useful-
ness of such a sleeve in reducing the external magnet field from the bearing

aud to find out to what extent the bearing performance wculd be degraded.

The axial stiffness was —45N/mm and the radial stiffness was 23N/mm. It
will be seen later that the reduction ‘in stiffnesses is almost exactly the
same as the reduction in external magnetic field. This suggests that sleeving

of this type is not suitable as a way of reducing the external field.

2.6 Effects of magnetic inhomogeneity

The axial flux density of each riag was measured using a Hall effect
magnetometer as near as possible to the inner edge of the outer magnets and the
outer edge of the inner magnets. The active element of the Hall probe was
about Smm long by lmm wide and measured the flux density normal to its face.
The measur~ments were made with the long axis of the probe element aligned

radially,

All the HERA rings displayed the same characteristic pattern of flux

density with a single maximum and a single minimum diametrically oppositc, with
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a smooth transition between them. For two of the four cracked rings, the mini-
mum was coincident with a crack in the ring. Table 8 shows the maximum and
minimum flux density mecasured for each of the HERA rings with the percentage
variation in each case. Several attempts were made to measure the variation of
radial stiffness with the relative angular positicn of the inners with respect
to the outers, by measuring the stiffness, rotating the inners through 90°

then remeasuring. Both 4mm and !.5mm thick rings were used, without spacers.

There was no detectable variation in radial stiffress.

Table 9 shows the results using the samarium cobalt riugs. The flux
densicy from these was ncasured for each ring without spacers and then with
first a 0.25mm iron ring on each face, then with 2.5mm iron rings. With a
single excepticn, all the rings showed the same diametrically opposed maximum
and minimum as the HERA rings. One of the outer rings however, had two maxima
diametrically opposite and two minima on a diameter displaced 90° from the
maxima. Another of the outer rings was broken after measuring without spacers
and was not subsequently used. One of the inners was hroken into four pieces
and could only be used when held between two 0.25mm spacers. The results show
that the variation in flux density was in some cases very high and that iron
facing pieces in the worst cases approximately halved the difference between
maximum and minimum. Fig.15 shows the difference between the radial stiffnesses
obtained before and after the inner magnets were displaced thiough 90°., 1In
one position the radial stiffness was 28.8N/mm; in the other it was 28.2N/mm.
The 0.25mm iron spacers were incorporated between the rings. The problems
involved in assembling the broken inner ring into the test rig were too great

to permit a comparison without spacers.

3 CROSS-AXIS STABILITY

Analysis has shown4 that a bearing of the type examined in this work
should have positive angular stiffness if the ratio of the bearing length, i, to
the diameter of the inner magnets, d, exceeds /3. This prediction can be con-
firmed using a simple pendulum as shown in Fig.20. The inner magnets become the
pendulum bob, constrained axially by the rigid pendulum arm. The outer magnets

are rigidly mounted.

Practical bearings would be designed to cperate well away from the critical
region. However, confirmation of such a predic:ion imp.oves confidence in the

analysis from whence it came.
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For such a pendulum where the mass of the inner magnets is M' kg, the
mass of the arm is M kg, the dimensions are as shown in Fig.20 and the bear-

ing radial stiffness is SR N/m the oscillation frequency w rvad/s can be

shown to be given by:

) SR(L'z - %4+ 27,12) £ M'gL' + Mge

) =

u'(zzla + L'2) + ML2)3

The signs of the secondand third terms of the numerator depend on whether the
pivot of the pendulum is above or below M' . However, it is the first term
in the numerator which is the significant one in establishing the critical

length to diameter ratio. This term can be rewritten

2
2 (& _ 42
SRE, + 713 d .
\
2

The term % - d2 appears as a direct consequence of the assumption that

positive angular stiffness results when & >/3d. If the constint of proportion-
ality were not V3 , or the criterion for angular stability were not the simple
relationship, & and d would appear in the above with different constants

or in different ways. Therefore in principle an accurate determination of the
period of such a pendulum would be sufficient to confirm the relation in

question,
22 2

In practice, - ﬁz must be significantly large with respect to L'2

Te
with the other parameters also accurately known tefore a sufficiently sensitive

measurement can be made.

Barium ferrite ring magnets were used to construct pendulums., The

number of inners used were 1, 2, 3, 4 and 8. 1In each case, first the frequency
of a long pendulum was weasured; with L' 1long, the % and d terms became
negligible and Sp could be accurately calculated. Using these values of Sp ,
the curves shown in Fig.2! were drawn predicting the behaviour of short pendu-
lums such that the £ and d terms became significant. Then short pendulums
were made, using the same magnet rings as had been used in each case for the
long pendulums. Their oscillation frequencies were measured and are plotted

on Fig.21. The estimated total uncertainty due to measurement accuracy is *9%.

However, there was another potential source of error, namely that the radial

b e o bt <t bt oo
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stiffness reduces with axial movement away from the central position. Using

long pendulums this effect was negligible as the angular motion was very small.
However with short pendulums the allowable angular deflection was much greater
and significant axial movement could occur. Special atrention therefore had to
be paid to ensuring that the oscillation frequency was measured with the smallest

possible deflection. In general this was not a problem, except in the case of

i M e 4 8 et vl etk ki 5 e

the one-ring pendulum. Then the low inertia led to rapid damping of the pendulum
motion and consequently to difficulty in measuring the perind when the deflection
was suitably small. Therefore it is not surprising that tlie discrepancy between

observed and predicted frequency in this case is the conly one outside the

tolerance quoted above.

4 EXTERNAL MAGNETIC FIELD 3

The peak magnetic flux density was measured at a distance of 66m from

the nxis of the bearing. The field direction was parallel to the axis. The

position of the maximum flux density was in line with the end of the bearing.

A i

e et s

Using 4mm thick HERA rings the external flux density was measured for
three configurations. With no spacers the external field was 0.'65r7. With

0.076mm thick spacers it was 0.178mT. Finally, without spacers and with an

iron sleeve over the outers, the measured field was 0.143mT. A single measure-

ment was made usi._ samarium cobalt rings with 0.05lmm thick spacers and the i

ISR Sy

4

external field was 0.275mT.

D & DL

5 CONCLUSIONS .

The restricted time available to complete this work programme has left ;
some results open ended or inconclusive. The major aim, to investigate the 4
effects of soft iron spacers between the magnet rings, has been satisfactorily
met. The radial stiffness of a bearing can thereby be increased usefully
without disproportionately increasing the axial destabilizing stiffness and
with a smaller penalty in mass and dimensions than would result from adding

more magnets. Additionally the iron spacers reduce the variation in flux 1

CLPw)

density outside the rings which should reduce the variation in stiffness as the

bearing rotates.

The 1iui-ed data from the cross—axis stability experiment support the g
claim for a critizil length to diameter ratio of V3 . A more through investi-
gation is needed i» be conclusive. The technique used is believed to be sound,

but better apparatus using HERA magnets would reduce the uncertainty.
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Only a cursory attempt to neasure the exterral field was possible. As
waa expected this showed that a magnetic suspension using this principle would
be embarrassing on a magneticalily sensitive spacecraft. However at synchronous
height where most applications lie few spacecraft are mignetically sensitive.
It is conceivable that an attraction svstem using a closed magn- “ic circuit may
be preferable, but leakage would probably be so great that there would be little

to choose between it and a repulsion system. More information is needed on the

feasibility of magnetic shiielding.
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DIMENSIONS OF MAGNET RINGS USED FOR BEARING STIFFNESS MEASUREMENTS

Table 1

Quter magnets Inner magnets
Material Outside Inside Qutside Insgide Thickness
diameter | diameter diameter diameter
om mn om mm mm
SmCog 56.2 46.2 44.6 4.5 2.54
HERA 45.0 37.4 34.8 z4.2 4.0
HERA 45.0 37.0 35.4 24.2 1.5
Table 2

AXIAL AND RADIAL STIFFNESSES USING 4mm

THICK HERA

RINGS AND SOFT IRON SPACERS

Spacer Axial Radia’ Ratio

thickness | stiffness S, | stiffness Sg | -5,/5g
m N/mm N/mm
2.0 -72.3 8.3 8.7
C.8 -75.9 15.9 4,8
0.4 -75.7 18.8 4.0
0.15 -68.1 27.0 2.5
0.076 -60.1 22.4 2.0
0.051 -57.4 28.0 2.0
6 ~52.6 25.1 2.1

Table 3

AXIAL AND RADIAL STIFFNESSES USING 1.5mm THICK HERA

RINGS AND SOFT IRON SPACERS

Spacer Axial Radial Ratio

thickness | stiffness S, | stiffness Sg { -55/SR
mm N/mm N/mm
1.5 -66.0 7.7 8.6
0.75 ~80.3 13.2 6.1
0.3 -75.9 18.4 4.1
0.15 ~60.0 21.2 2.8
0.076 -46.6 21.8 2.1
0.051 -40.9 21.4 1.9
0.025 -35.0 19.8 1.8
0 -33.3 18.4 1.8
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Table 4

AXJAL AND RADIAL STTFFNESSES USING SAMARIUM COBALT

RINGS AND SOFT LRON SPACERS

COMPARISON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAL

Spacer Axial Radial Ratio
thickness | stiffness S, | stiffness Sp | -Sp/Sg
mm N/um N/mm
0.25 112.6 28.8 3.9
0.102 102.3 44.6 2.3
0.051 94.6 38.6 2.4
0 76.7 36.6 2.1
Table 5

STIFFNESS USING 4mm HERA RINGS AND THIN IRON SPACERS

COMPARTSON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAL

Spacer Predicted radial | Measured radial
thickness stiffness stiffness
mm N/mm N/rm
0.076 33.5 29.4
0.051 31.1 28.0
0 26.3 25.1
Table 6

STIFFNESS USING 1.5mm HERA RINGS AND THIN IRON SPACERS

Spacer Predicted radial | Measured radial
thickness stiffness stiffness
mm N/ramm N/mm
0.076 23.3 21.8
0.051 20.9 21.4
0.025 18.5 19.8
0 16,1 18.4
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i
COMPARISON BETWEEN PREDICTED AND MEASURED VALUES OF RADIAL STIFFNESS
USING SAMARIUM COBALT RINGS AND THIN IRON SPACERS :
1
Spacer Predicted radial | Measured radial '
thickness stiffness stiffness E
mm N/mm N/mm 1
0.102 36.6 44,6
0.051 34.1 38.6
0 3.7 36.6 3
i
Table 8
VARIATION OF MEASURED FLUX DENSITY FROM HERA MAGNET RINGS ]
1
5 Maximum Minimum . . g
|
flux density | flux density Variation Remarks 1
! mT mT p 4
-
i | 4mm thick HERA outer
iy 37.0 35.6 3.9
e ! 33.8 30.2 11.9 Cracked, no correlation
- . 35.0 32.2 8.7 Edge flaked, no correlation
L | 38.2 35.0 ¢,
1 é 34.0 32.2 5.5
?t 37.8 34.6 9.2 Cracked, no correlation
% : ) i
E | 4mm thick HERA inner ;
46.0 44.0 4.5 i
; 43.5 42.6 2.1
| 43.9 43.0 2.1
: 44.8 42,5 5.4
! 44.0 42.8 2.8
5 45,2 43.9 3.0
1.5mm thick HERA outer
16.4 15.8 3.8 E
16.1 15.6 3.2 1
17.2 15.8 8.9 Minimum coincident with crack i
17.1 16.3 4.9 1
16.7 16.0 4.4 Minimum coincident with crack i
» 17.4 16.4 6.1
l.5mm thick HERA inner |
3
25.0 24.2 3.3
25.0 23.5 6.4 !
24.0 23.0 4.3 4
3 25.0 24.0 4,2 1
» 26.0 25.0 4.0
s 27.0 25.0 8.0 .




Table 8

VARIATION OF MEASURED FLUX DENSITY FROM SAMARIUM CUBALT RINGS

a Maximum Minimum . . 7
E, flux density | flux density Variation Remarks
E mT mT ) 4
E
E No iron rings ~ outer
; 46.5 45.0 3.3
E: 44,5 43.0 3.5
s 45.5 36.7 24.0 Two maxima and minima
46.5 43.5 6.9
44.0 43.2 1.9 Minimum conicident with crack
a‘ No iron rings - inner
e 49.0 42.5 15.3
F 49.0 48.0 2.1
E‘ 0.25mm facing rings - outer
h 50.0 48.0 4.2
fia 47.5 46.5 2.2
E" 48.0 42.5 12.9 Two maxima and minima
t 50.0 47.5 5.3
? 0.25mm facing rings - inner
61.0 56.0 8.9
ks 65.0 62.0 4.8
,F 65.0 39.0 66.7 In four pieces
P 2.5mm facing rings - outer
[
b 63.0 59.0 6.8
% 59.0 56.0 5.4
63.5 58.0 9.5 Two maxima and minima
56.5 55.0 2.7
59.5 57.0 4.4
2.5mm facing rings - inner
68.5 66,0 3.8
72.0 70.5 2.1
P e I s SR et e el
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